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Summary
Background: The ventral midline is a prominent struc-
ture in vertebrate and invertebrate nervous systems
that provides crucial topological information for guiding
axons to their appropriate target destinations. Rather
than being composed of specialized midline glia cells
as in many other species, the embryonic midline of the
nematode Caenorhabditis elegans is physically defined
by motoneuron cell bodies that separate the left from the
right ventral cord fascicles. Their function during devel-
opment, if any, is not known.
Results: We show here that besides being components
of the postembryonic locomotory circuit, these embry-
onic motoneurons (eMNs) actively provide midline
guidance information for a specific subset of ventral
midline axons. This information is provided in the form
ofanovel, cell-surface-anchored immunoglobulin super-
family (IgSF) member, WRK-1. WRK-1 acts in eMNs to
prevent follower axons from inappropriately crossing
the ventral midline. We describe the function of the Eph
receptor vab-1and multiple ephrin ligands at the midline,
and we show by double mutant analysis and physical in-
teraction tests that WRK-1 functionally interacts with the
Eph receptor system. This interaction appears to occur
exclusively in the context of axon guidance at the ventral
midline but not in other cellular contexts, thereby sug-
gesting that Eph receptor signaling is mechanistically
distinct in different tissue types.
Conclusions: Our studies reveal cellular and molecular
components of axon midline patterning and suggest
that Ephrin signaling relies on previously unknown
accessory components.
Introduction
A distinctive feature of bilaterally symmetric nervous
systems is a central axis of symmetry called the midline.
The ventral midlines of vertebrates and insects are com-
posed of specialized cells, namely nonneuronal floor
plate cells in vertebrates and specialized glial and neu-
ronal cells in flies [1, 2]. These cells provide a number
of molecularly well-characterized guidance cues that
pattern developing axon tracts along and across the
midline, thereby ensuring that axons are appropriately
targeted to their final destination. These cues generally
fall into two categories. Attractive cues, such as unc-6/
Netrin, guide axons toward the midline, while repulsive
*Correspondence: or38@columbia.edusystems, such as the sax-3/Robo or Eph receptor sys-
tem, ensure that axons do not inappropriately cross
the midline either upon their initial arrival at the midline
or during longitudinal extension along the midline [3–5].
The genetics of axon midline behavior can be studied
with single axon resolution in the invertebrate model
system C. elegans. The quantification of the relative im-
pact of individual patterning systems on midline cross-
ing behavior of individual axons revealed that the com-
plete removal of individual guidance cues or their
receptors, such as unc-6/Netrin, sax-3/Robo, vab-1/
EphR, ina-1/Integrin, egl-15/FGFR, or various ECM
components, generally results only in partially penetrant
midline crossover defects (e.g., [6–9]). These observa-
tions suggest that individual axon classes are guided
by a multitude of cooperating axon guidance cues.
Strikingly, however, the cellular source of cues that guide
axons along the ventral midline and prevent them from
crossing into the inappropriate fascicle are unknown.
For example, while it is known that axons which extend
along the midline express sax-3/Robo [9], it is not known
in which cells the Slit homolog slt-1 is produced to pre-
vent axons from crossing the ventral midline [10]. The
site of action of the Eph receptor vab-1 in axon midline
guidance has also not yet been described.
The elucidation of the sites of action of C. elegans
midline patterning cues is not a trivial task since the
C. elegans midline is an unusual and dynamic structure
which is, remarkably, not composed of specialized cell
types as are the midlines of other systems. While the
midline is clearly demarcated by an evagination of epi-
dermal cells in late larval and adult animals (‘‘hypoder-
mal ridge’’), motoneuron cell bodies rather than special-
ized midline cells or evaginating hypodermal cells
separate the left and the right axon fascicles of the de-
veloping ventral nerve cord (VNC) in the embryo (Figures
1A and 1B) [11]. This organizational curiosity, however,
has not been systematically examined, and it has also
been unclear whether these midline motoneurons in-
deed provide guidance function for developing follower
axons. An alternative, untested hypothesis posits that
hypodermal cell junctions that underlie the midline mo-
toneurons (Figure 1A) are a potential source of midline
information [10]. However, at present, there are no ex-
perimental data that support this hypothesis.
In this paper, we reveal a novel function for motoneu-
rons in controlling axon midline patterning in C. elegans.
We describe a new midline guidance cue provided by
these motoneurons and show that this cue acts via the
Eph receptor system.
Results
Cellular Organization of the Ventral Midline
in C. elegans
In late larval stages and in adults, the ventral midline
of C. elegans is clearly demarcated by an evagination
of hypodermal cells that underlie the VNC [12]. This
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1872Figure 1. The C. elegans Midline Is Composed of a Closely Aligned Row of Motoneuron Cell Bodies, Termed eMNs
(A) Representative EM cross-section of a developing embryo, highlighting the spatial relationship of eMNs and VNC axons. In all analyzed cross-
sections, AVG and PVQ axons are found in immediate contact with eMN cell bodies. PVP axons are more exterior and in contact with AVG and
PVQ axons. eMN cell bodies generally straddle the midline at the junction of bilaterally symmetric pairs of P cells. Electron micrographs have
been kindly provided by R.M. Durbin. More examples can be found in Figure S1.
(B) Schematic drawing of the embryonic VNC adapted from [11]. Gray cells at the midline are individual DA class eMNs (DA1, DA2, etc.), red cells
are DB class eMNs (DB1, DB2, etc.), and blue cells are DD class eMNs (DD1, DD2, etc.).
(C) A post-2-fold stage embryo, showing eMNs labeled with two different gfp transgenes juIs76 (unc-25::gfp) and evIs82b (unc-129::gfp). Still
being in the eggshell, the animal is strongly twisted. Compare to (D).
(D) wrk-1 expression pattern in a post-2-fold-stage embryo (twisted due to being in the eggshell). wrk-1 expression was determined by means of
a reporter construct (‘‘wrk1::TM::gfp’’), in which 4 kb of sequences upstream of the ATG start codon, all exons, and the first three introns of the
wrk-1 locus were fused in frame to gfp (see Figure S2 for all reporter constructs used). This construct is able to rescue the phenotype of wrk-1
mutant animals (see Figure 3A), thereby demonstrating that it reveals expression in functionally relevant cells. In the embryonic nervous system,
expression was observed in a limited set of neuron types, including all eMNs (DA, DB, and DD; [C]). Possibly due to transgene properties, the
construct is not always expressed at the same levels in each eMN. Expression in eMNs is observed during embryonic stages and fades during
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during embryogenesis when axons extend along the
midline [11]. How then is the midline defined during em-
bryonic stages? An initial electron-microscopical analy-
sis of worm embryos during the mid-embryonic stages
of early axon outgrowth along the ventral midline re-
vealed that a set of axons pioneer the VNC, namely the
axons of the AVG, PVQL/R, and PVPL/R interneurons
[11] (Figures 1A and 1B; see Figure S1 in the Supplemen-
tal Data available online). Electron micrographs of em-
bryonic transverse sections revealed that these pioneer-
ing axons are separated by embryonic motoneuron cell
bodies of the DA, DB, and DD class [11] (Figures 1B and
1C; Figure S1), subsumed under the collective name
‘‘eMNs’’ (for embryonic motoneurons). Each of the neu-
ron classes is composed of several members (DA1
through DA9, DB1 through DB7, and DD1 through
DD6) that are lined up precisely along the ventral midline
in an invariant pattern (Figures 1B and 1C).
To analyze the relative location of individual eMN cell
bodies and individual VNC axons more systematically,
we analyzed electron micrographs of 315 transverse
sections of 16 eMNs from two different embryos and
found that in all sections, the axons of the AVG,
PVQL, and PVQR neurons are in direct contact with
and only separated by eMNs (Figure 1A; Figure S1).
Axons that join the VNC at later stages of development,
such as the HSN motor axons, also closely abut the
eMNs, as revealed by double labeling of eMNs cell bod-
ies and follower axons with red and green fluorescent
markers (Figure 2F). The eMNs are therefore excellent
candidates to act as midline guidepost cells.
The Immunoglobulin Superfamily Member wrk-1 Is
Expressed in eMNs
Do eMNs merely constitute a physical barrier to sepa-
rate the left from the right VNC or do they actively pro-
vide specific guidance information in the form of specific
guidance molecules? Members of the immunoglobulin
superfamily (IgSF) of cell-surface molecules are promi-
nent regulators of axon patterning in several systems
and several of them are expressed in midline structures;
for example, the IgSF member Wrapper, a GPI-anchored
protein with three Ig domains and one FnIII domain, is
expressed in Drosophila midline glial cells [13]. In a
genome-wide analysis of IgSF proteins in C. elegans,
we found a single C. elegans IgSF protein, F41D9.3,
that has a 3 Ig/1 FnIII/GPI-topology similar to that of
Wrapper (Figure 2A) [14]. We termed this protein WRK-1
(pronounced ‘‘work-one’’), for wrapper, rega-1, klingon-
like (Rega-1 and Klingon are two other insect 3 Ig/1 FnIII/
GPI proteins; [15, 16]). We find that, like Wrapper, the
wrk-1 gene is also expressed in ventral midline cells,
namely in the eMNs (Figure 1D). Additional expression
is observed in a subset of head neurons, including inter-
neurons (AIY class), sensory neurons (ASI class), and
head motoneurons (SMDV/D class), and glial-type
sheath and socket cells (Figure S2). Outside the nervous
system, the most prominent sites of wrk-1 expressioninclude the intestine, excretory gland cell, distal tip
cell, and coelomocytes (Figure S2).
Loss of wrk-1 Causes Neuron-type-Specific Axon
Midline Defects
Two C. elegans knockout facilities provided distinct
deletion alleles of the wrk-1 locus, ok695 and tm1099
(Figure 2B). We examined the exact breakpoints of the
deletions and found ok695 to be a 803 bp deletion
that removes exon 4 as well as intronic regions. As con-
firmed by RT-PCR analysis, splicing around this dele-
tion causes a frameshift and a premature stop codon
deleting most of the protein, thereby making ok695
a likely null allele. Phenotypic defects observed in
wrk-1(ok695) homozygous mutants are similar to those
observed when the ok695 allele is placed over a chromo-
somal deficiency (see legend to Table 1), which is con-
sistent with ok695 being a null allele. The tm1099 allele
contains a 1094 bp in-frame deletion of the second Ig
domain (Figure 2B).
Both wrk-1 mutant strains are viable, fertile, and dis-
play no obvious morphological defects. A detailed be-
havioral analysis of wrk-1(ok695) mutants revealed no
defects in the perception of various sensory inputs or
in various aspects of locomotory behavior (thrashing,
reversal behavior, loopiness of movement [17]).
By using gfp reporter gene constructs that label indi-
vidual cell types, we next examined a potential role for
wrk-1 at the ventral midline. Examining the eMNs that
normally express wrk-1, we find that they execute their
cell fate appropriately and extend axons along their
normal longitudinal and circumferential trajectories
(Figure 2C; Table S1). Examining the nonautonomous
impact that wrk-1 may have on other cell types at the
ventral midline, we found that cell fate and morphology
of the hypodermal cells that underlie the eMNs is indis-
tinguishable from wild-type (Figure 2D). The gross anat-
omy of the left and right axonal tracts in the VNC, visual-
ized with a panneuronally expressed gfp marker, also
appears wild-type (data not shown). The overall organi-
zation of the ventral midline is therefore not disrupted in
wrk-1 null mutants.
By using neuron-class-specific gfp reporter gene con-
structs, we examined several classes of individual neu-
rons that extend their axons along the midline defined by
the wrk-1-expressing eMNs. We find that patterning of
the HSN axons is disrupted in wrk-1 mutant animals.
Rather than being placed ipsilaterally along the left
and right side of the midline, HSN axons aberrantly
cross over the midline (Figures 2E and 2F, Table 1). Mid-
line crossing occurs at variable positions along the ante-
roposterior axis of the VNC and can occur from the left
into the right fascicle or vice versa. As observed upon
the genetic removal of other midline guidance systems
(e.g., [6, 18, 19]), axons usually cross back and forth
once (quantified in the Table S2). The apparent joining
of the left and right HSN axons in wrk-1 mutants is not
reflective of a collapse of the midline, but rather repre-
sents a crossing of HSN axons over the eMNs midlinelarval stages. The expression of wrk-1 reporter gene fusions in eMN neurons has been independently confirmed by a microarray-based profiling
of motoneuron-expressed genes [31]. Expression of wrk-1::TM::gfp is also seen in some other unidentified embryonic cells, which likely corre-
spond to neurons that express wrk-1 postembryonically (see Figure S2 for more details).
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(A) Domain composition of the WRK-1 protein. The C. elegans genome contains only a single protein with this topology, while the Drosophila
genome contains four: Wrapper, Klingon, CG7166, and CG13506. Vertebrate genomes do not appear to contain a protein of a similar topology.
(B) wrk-1 gene locus and mutant alleles. The three different splice forms shown here were deduced from EST clones, kindly provided by
Y. Kohara.
(C–H) Various anatomical features of wrk-1(ok695) null mutants were observed with cell-type-specific gfp reporter transgenes. Upper panels
each show wild-type (‘‘WT’’) animals, lower panels are wrk-1 null mutants usually at the fourth larval stage. The wild-type morphology of individ-
ual neuron classes is indicated schematically above the gfp panels. eMNs are schematically indicated with blue stars. See Table 1 for quantifi-
cation of defects.
(C) wrk-1-expressing eMNs (DA, DB visualized with evIs82b; data for DD not shown) are unaffected by loss of wrk-1. Green arrows point to axons
that take normal longitudinal and circumferential paths.
(D) Ventral hypodermal cell morphology, labeled with jcIs1 (ajm-1::gfp), appears unaffected in wrk-1 mutant animals. Green arrows point to the
ventral hypodermal cell junctions that underlie the eMNs. These junctions are the only other demarcator of the ventral midline besides the eMNs.
(E and F) Midline crossover defects of the HSN axons, visualized with zdIs13 (tph-1::gfp) alone in (E) (red arrows point to axonal midline defects)
and with zdIs13 and panneuronal F25B3.3::dsRed2 (otIs173) in (F) (white arrow point to crossover defect). dsRed2-labeled cell bodies are the
eMNs (blue stars). Note that at the adult stage shown here, eMN cell bodies are more broadly spaced. In the embryo, when the axon tracts
form, the eMN cell bodies are tightly packed and therefore a crossover will always correlate with the position of an eMN cell body.
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and eMN cell bodies with dsRed2 (Figure 2F).
PVQ interneurons, which extend their axons ipsilater-
ally along the ventral midline, also show axon midline
crossover phenotypes similar to those observed with
the HSN axons (Figure 2G; Table 1). PVQ and HSN axo-
nal defects are not correlated with one another, sug-
gesting that both axon classes are guided indepen-
dently by wrk-1 (Table S3). The axons of the PVP
neurons, which closely fasciculate with the PVQ axons,
show similar defects as the PVQ axons (Table S3). In
contrast, extension of the AVK interneuron axons along
the ventral midline is unaffected in wrk-1 mutants (Table
S1). The intactness of AVK axon guidance indicates that
Table 1. Midline Axon Crossover Defects in Various Mutant
Backgrounds
Axons Scoreda
(Reporter Strain) Genotype
Defect
(% Animals)
HSNL/R (zdIs13) wild-type 6% (n = 95)
wrk-1(ok695) 20% (n = 183)
wrk-1(tm1099) 18% (n = 119)
vab-2(ju1) 16% (n = 86)
vab-2(e96) 14% (n = 125)
vab-2(e96);
wrk-1(ok695)
18% (n = 65)
Command
interneurons
(rhIs4)
wild-type 4% (n = 108)
wrk-1(ok695) 21% (n = 184)
wrk-1(tm1099) 20% (n = 92)
vab-2(ju1) 22% (n = 108)
vab-2(ju1); wrk-1(ok695) 20% (n = 94)
vab-2(e96) 19% (n = 102)
vab-2(e96); wrk-1(ok695) 20% (n = 83)
PVQL/R (oyIs14) wild-type 7% (n = 100)
wrk-1(ok695) 31% (n = 172)b
wrk-1(tm1099) 28% (n = 92)
vab-2(ju1) 16% (n = 101)
vab-2(e96) 19% (n = 94)
vab-2(ju1); wrk-1(ok695) 30% (n = 105)
vab-2(e96); wrk-1(ok695) 28% (n = 94)
efn-2(ev658); efn-3(ev696)c 16% (n = 117)
efn-2(ev658);
efn-3(ev696)wrk-1(ok695)
27% (n = 116)
vab-2(e96)efn-2(ev658);
efn-3(ev696)
35% (n = 96)
vab-2(e96)efn-2(ev658);
efn-3(ev696)wrk-1(ok695)
35% (n = 68)
Bold text indicates that the effect of wrk-1 is not enhanced in a sta-
tistically significant manner upon simultaneous removal of three
ephrin genes.
a Axon extension along the midline was scored. Animals were
scored as young adults.
b Similar defects can be observed when the ok695 allele is placed
over the chromosomal deficiency stDf5. 28% of wrk-1(ok695)/
stDf5 animals (n = 101) show PVQ axonal defects. This genetic test
is consistent with ok695 being a null allele.
c We tested only the efn-2; efn-3 double rather than single mutants
due to previously reported redundancies of these two genes [28].wrk-1 does not disrupt overall midline architecture but
rather affects midline patterning in an axon-specific
manner. This notion is corroborated by observing the
axons of the AVG and PVT neurons, which we also find
to be unaffected in wrk-1 mutants (Table S1).
The HSN, PVQ, and AVK neuron classes each consist
of bilaterally symmetric cell pairs that send their axons
along the left and right fascicle of the VNC (see sche-
matics in Figures 2E and 2G). Several other neuron clas-
ses in the head and tail ganglia also consist of bilaterally
symmetric cell body pairs, but their axons extend only in
the right fascicle of the midline [12]. Command interneu-
rons labeled by a glr-1::gfp reporter transgene fall into
this class. We find that these axons are also affected
by loss of wrk-1. Rather than remaining on the right
side of the midline, they aberrantly cross over the mid-
line into the left fascicle (Figure 2H, Table 1).
A similar spectrum of mutant phenotypes can be ob-
served with the second wrk-1 allele, tm1099, in which
the exons coding for the second Ig domain are deleted
(Figure 2B, Table 1, Table S1). Since it is difficult to un-
ambiguously determine that a truncated protein is pro-
duced in wrk-1(tm1099) mutant animals at levels com-
parable to the normal wild-type protein levels, we can
not strictly infer that the second Ig domain is critically re-
quired for wrk-1 gene function, although this remains an
attractive hypothesis. Lastly, similar PVQ axon cross-
over defects are observed in an RNA interference ap-
proach in which a transgenic line expresses a dsRNA-
snapback construct under the control of a panneuronal
promoter (25% defective; n = 110). In summary, we have
examined all axons in the left VNC (PVQL, PVPR, HSNL,
AVKR) and most axons in the right VNC (PVQR, PVPL,
HSNR, AVKL, AVG, PVT, command interneurons,
eMNs) in wrk-1 null mutants and found that wrk-1 is re-
quired to prevent the inappropriate midline crossing of
a specific subset of axon classes in the VNC. We also
note that defects observed in wrk-1 mutants are likely
developmental defects rather than defects in maintain-
ing axon position since the axonal defects are already
evident in early developmental stages (Table S1).
wrk-1 Acts in eMNs to Guide Follower Axons
wrk-1 reporter gene fusions are not expressed in neu-
rons that are affected by loss of wrk-1 function but are
rather expressed in the eMNs. To corroborate that the
eMNs indeed are the cellular focus of wrk-1 action, we
utilized transformation rescue assays. We first estab-
lished a rescue assay by generating transgenes in
a wrk-1 null mutant background that contain either
wrk-1 genomic DNA or a wrk-1 cDNA under the control
of its own promoter. These transgenes rescue the PVQ
axon crossover defects of wrk-1 null mutants (Figure 3A;
transgenes #1, 2, 4). Gfp-tagged wrk-1, which is ex-
pressed in the eMNs (Figure 1D), is also capable of res-
cuing thewrk-1mutant phenotype (Figure 3A; transgene(G) Midline crossover defects of the PVQ axons (red arrows), visualized with oyIs14 (sra-6::gfp). Note that as indicated in (F) for the HSN axons,
the joining of PVQL and PVQR axons is indicative of a crossing of the PVQ axons over the eMN-defined midline (schematically indicated with blue
stars).
(H) Midline crossover defects (red arrows) of the command interneuron axons (including the AV-type neurons in the head and PVC neurons in the
tail), visualized with rhIs4 (glr-1::gfp). In wild-type animals, all axons are exclusively localized on the right side of the midline. eMN cell body po-
sition is indicated schematically with blue stars to illustrate that axons cross over the midline.
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(A and B) Rescue of axonal defects of the
PVQ neurons ([A], visualized with oyIs14)
and the HSN neurons ([B], visualized with
zdIs13). Transgenic lines were generated by
injecting the relevant constructs directly into
wrk-1(ok695) mutants. Rescue is achieved
when the percentage of defective animals dif-
fers significantly from the percentage ob-
served in the original mutant strain (z test;
p < 0.05). Asterisk indicates that extrachro-
mosomal transgenes were transferred from
one genetic background [wrk-1(ok695);
oyIs14] into the other [wrk-1(ok695); zdIs13].
The ‘‘n’’ refers to the number of animals
scored per line. Note that construct #4 indi-
cates that the 50 upstream sequence of the
wrk-1 locus provides all the necessary cis-
regulatory information required for rescue of
the mutant phenotype. Sites of expression
that we have observed with the transcrip-
tional and translational gfp reporter con-
structs shown in Figure S2 therefore provide
an accurate reflection of the site of wrk-1
function.
(C) Misexpression of a wrk-1 cDNA under the
control of the promoter of the hypodermis-
specific dpy-7 gene causes almost com-
pletely penetrant PVQ axon midline cross-
over defects (red arrowheads; visualized
with oyIs14). Graphs show the quantification
of the defects. Each bar (numbered #1–#4)
represents the penetrance of defects of one
transgenic line. The four transgenic arrays
shown are the same and were moved from
one genetic background to the other by mat-
ing. Animals misexpressing wrk-1 also show
an increase in number of crosses over the
midline, compared to wrk-1 or other midline
guidance mutants (Table S2).#3). Since this construct is membrane anchored through
a heterologous transmembrane domain, we can infer
that wrk-1 likely acts on the surface of the cells that it
is expressed by, a notion consistent with the presence
of a predicted GPI-anchor on endogenous wrk-1.
Next, we attempted to rescue the wrk-1 mutant phe-
notype by resupplying wrk-1 under the control of cell-
type-specific, heterologous promoters. The promoter
choice for heterologous expression experiments is not
trivial since eMN-specific promoters are not available
that are (1) exclusive to these neurons and (2) expressed
early enough during embryonic axon outgrowth. As
a first approach to address this issue, we utilized the
promoter of the F25B3.3 gene, which is active at the cor-
rect stage during embryonic axon outgrowth [20]. Whilethe promoter is broadly expressed in the adult nervous
system, there are only four types of candidate neuronal
cell types present that express F25B3.3 in the VNC at the
relevant stage of embryonic axon outgrowth, namely the
PVQ, PVP, AVG, and eMNs (see Figures 1A and 1B). Ex-
pressing a wrk-1 cDNA under control of the F25B3.3
promoter indeed rescues the wrk-1 mutant phenotype
(Figure 3A, transgene #5). Expression of a wrk-1 cDNA
under control of a promoter specific for the gut (elt-2
[21]), another site of wrk-1 expression, fails to result in
a rescue of the mutant phenotype (Figure 3A, transgene
#9). These results corroborate the neuronal focus of
action of wrk-1.
While the expression of wrk-1 under the control of the
F25B3.3 promoter narrows down the focus of action to
Axon Midline Patterning
1877only four neuron types, it still does not effectively demon-
strate that it is indeed the eMNs that provide the rescuing
activity. To address this issue, we made use of the HSN
axon midline defects observed inwrk-1mutants. The em-
bryonically born HSN motoneurons extend their axons
only at the second larval stage toward and along the mid-
line where they abut eMN cell bodies (Figure 2F). This late
axon extension allowed us to use the promoters of termi-
nal differentiation markers of the eMNs, which are active
by late embryogenesis (unc-129prom for DA and DB [22]
andunc-47prom for DD[23]; note that due to their lateonset
of expression, these promoters are unable to rescue the
midembryonic PVQ/PVP axon midline phenotype of
wrk-1 mutants; Figure 3A, transgene #6–8). We found
that transgenes that simultaneously express wrk-1 under
control of both promoters, but neither promoter alone
(datanot shown), effectively rescue thewrk-1mutant phe-
notype in the HSN neurons (Figure 3B, transgene #1).
While the unc-129prom driver is exclusively active in the
DA class and DB class eMNs within the VNC, the unc-
47prom driver is, in addition to the DD class eMNs, also ac-
tive in four other classes of VNC neurons, RMEV, AVL, and
the postembryonic DVB and VD motoneurons. To rule out
neurons other thantheeMNsaspossiblesitesofwrk-1ac-
tion, we used the promoter of the flp-13gene, which in the
VNC is exclusively active in the DD class eMNs [24]. Coex-
pression of wrk-1 under control of the unc-129prom and
flp-13prom drivers rescued the wrk-1 mutant phenotype
(Figure 3B, transgene #2). Taken together with its expres-
sion pattern, the rescue experiments lead us to conclude
that wrk-1 acts on the surface of the eMNs (DA, DB, and
DD) as a midline repellent.
Misexpressing wrk-1 also Disrupts Axon Patterning
at the Midline
The function ofwrk-1 as a midline repellent presented by
eMNs to specific follower axons predicts that the inap-
propriate presentation of wrk-1 along the path of the fol-
lower axons would disturb their correct outgrowth. To
test this prediction, we expressed full-length, GPI-an-
chored wrk-1 under control of the dpy-7 promoter that
is exclusively active in the hypodermis [25], which abuts
the developing VNC (Figures 1A and 1B). We assessed
the outgrowth of the PVQ axons both in the absence
and presence of endogenous wrk-1. When expressed
in an otherwise wild-type background, hypodermally
provided wrk-1 (dpy-7prom::wrk-1) disrupts appropriate
outgrowth of PVQ along the ventral midline (Figure 3C).
Possibly in an attempt to avoid ectopic, hypodermal
wrk-1, the PVQ axons cross over the midline eMNs mul-
tiple times at variable positions along the anteroposte-
rior axis. Hypodermal, dpy-7prom-driven expression of
either a heterologous protein (GFP) or another IgSF pro-
tein (EGL-15) causes no axonal defects in the PVQ neu-
rons [7], demonstrating the protein specificity of the in-
duced defects. Hypodermal misexpression of wrk-1
also affects outgrowth of the AVK axons that are nor-
mally unaffected by wrk-1 (data not shown).
Upon removal of endogenous wrk-1, the PVQ axonal
defects induced by dpy-7prom::wrk-1 become even
more severe and are significantly stronger than upon re-
moving wrk-1 in an otherwise wild-type genetic back-
ground (Figure 3C). In other words, the presence ofwrk-1 in eMNs reduces the dpy-7prom::wrk-1-induced
propensity of PVQ axons to cross over the eMNs.
As a further control, we ectopically expressed wrk-1
under control of the myo-3 promoter in another cell
type in close vicinity to the VNC, body wall muscle,
and found this to yield no measurable effects (four trans-
genic lines; data not shown). Taken together, these mis-
expression experiments confirm the importance of wrk-1
function in midline axon patterning and highlight the
importance of the cell specificity of wrk-1 expression.
wrk-1 Acts in Parallel to the sax-3/Robo System
Like mutations in most other systems previously shown
to affect midline patterning (e.g., [6, 18, 19]), wrk-1 null
mutants show only partially penetrant midline defects,
indicating that several parallel systems cooperate to en-
sure appropriate midline patterning. To assess how the
function of wrk-1 relates to the function of other midline
patterning systems, we examined the genetic interac-
tion of wrk-1 null mutants with mutants in which individ-
ual cells or guidance cues are disrupted. The basic logic
of these genetic interaction tests is that a null mutation
which enhances the partially penetrant defects of wrk-
1 null mutant animals indicates a pathway acting in par-
allel to wrk-1, while a null mutation that fails to enhance
the wrk-1 defects indicates that the genes act in the
same pathway. The validity of this argument can be illus-
trated by genetically removing the AVG pioneer inter-
neuron. AVG provides as yet unknown midline guidance
cues that are required to prevent axon midline crossover
[19]. Based on the cellular focus of action of wrk-1 in
eMNs, AVG-provided guidance cues should act in paral-
lel to wrk-1. We find that genetic removal of AVG in a lin-
11 null mutant background [19] indeed enhances the
PVQ axon crossover defects of wrk-1 mutant animals
(Figure 4A). While we can not exclude that lin-11 may
also affect neurons other than AVG, this result demon-
strates that PVQ axon patterning is controlled by
a wrk-1-dependent pathway and a parallel pathway,
likely via the AVG neuron.
We next asked how wrk-1 interacts with a well-known
midline patterning system, the Slit/Robo system. Ani-
mals that carry null mutations in sax-3/Robo, the sole
Robo-type receptor in C. elegans [9], and wrk-1 show
a phenotype that is significantly more severe than each
of the single mutant animals (Figure 4B). These two path-
ways must therefore act in parallel at least partly.
Is the guidance information provided by the two path-
ways that act in parallel to wrk-1, namely the lin-11/
AVG-dependent pathway and the sax-3-dependent path-
way, related? To address this question, we generated lin-
11; sax-3 double null mutant animals and found that there
is no significant enhancement of the PVQ axonal defects
in these animals, compared to the single null mutants
(Figure 4A). The results presented here therefore demon-
strate that PVQ is patterned by at least two different
pathways, a wrk-1/eMN-dependent pathway and a sax-
3-dependent pathway that exerts its activity possibly
via the AVG neuron, or another lin-11-expressing neuron.
wrk-1 Genetically Interacts with the Eph Receptor
vab-1 and Several Ephrin Ligands
Another prominent axon-patterning system at the ven-
tral midline in many species is the ephrin/Eph receptor
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(A) wrk-1 acts in parallel to cues provided by
the AVG pioneer neuron. Loss of wrk-1, but
not sax-3, enhances the lin-11 null mutant
phenotype.
(B) wrk-1 acts in parallel to the sax-3/Robo
system. Loss of wrk-1 enhances the sax-3
mutant phenotype.
Graphs show penetrance of midline cross-
over defects of the PVQ axons, visualized
with the oyIs14 reporter line. ‘‘N.S.’’ indicates
no statistically significant difference (z test;
p > 0.05), single asterisk indicates statistically
significant difference (z test; p < 0.05), double
asterisk indicates statistically significant dif-
ference (z test; p < 0.005).
(C) wrk-1 genetically interacts with the Eph
receptor vab-1. Penetrance of midline cross-
over defects of various VNC axons, visualized
with the reporter transgenes indicated in
Table 1. CI, command interneurons. ‘‘N.S.’’ in-
dicates no statistically significant difference
(z test; p > 0.05).
(D) vab-1 functions within the neurons that are
misguided in vab-1mutant animals. The vab-1
mutant phenotype in the HSN neurons are
rescued by resupplying vab-1 into HSN (tph-
1prom) but not by resupplying it in the eMNs
(unc-129prom and unc-47prom). Note that in
the case of wrk-1, the situation is the oppo-
site. Resupplying wrk-1 in eMNs under the
same promoters, as shown here for vab-1,
rescues the wrk-1 mutant phenotypes (see
Figure 3B).system [5, 26]. C. elegans contains a single Eph recep-
tor, vab-1 [27], which is also required for axon midline
patterning [6, 18]. In the context of the PVQ neurons,
vab-1 null mutants display PVQ axon midline crossover
defects that are comparable to those observed in wrk-1
mutants (Figure 4C). The C. elegans genome contains
four GPI-anchored ephrin genes, efn-1/vab-2, efn-2,efn-3, and mab-26/efn-4, which are all coexpressed in
eMNs [28–31]. Their role in axon midline guidance has
not previously been examined. Since mab-26/efn-4 is
an unusual ephrin that may act independently of vab-1
[30], we focused on the three ephrins vab-2, efn-2, and
efn-3. We find that vab-2 single mutants display PVQ
axon midline crossover defects, which are weaker than
Axon Midline Patterning
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Figure 4C). Joint removal of the two ephrins efn-2 and
efn-3 also causes weakly penetrant midline defects.
However, simultaneous removal of all three ephrins in
a vab-2 efn-2; efn-3 triple mutant causes robust axon
midline defects that are indistinguishable from those ob-
served in vab-1 and wrk-1 mutants (Table 1).
To assess whetherwrk-1 genetically interacts with the
Eph patterning system, we generated a series of double
to quadruple mutant animals. We find that vab-1; wrk-1
double null mutant animals show no enhancement of the
penetrance of the PVQ mutant phenotype or of the num-
ber of axon crossovers (Figure 4C; Table S2), indicating
that wrk-1 and the Eph receptor act in the same path-
way. Moreover, a quadruple mutant in which the three
ephrins vab-2, efn-2, and efn-3 and the wrk-1 gene are
eliminated also displays no enhancement of the wrk-1
single mutant defect or the ephrin triple mutant defect
(Table 1). The failure of enhancement of the respective
null mutant phenotypes argues that all these genes act
in a similar pathway.
To further corroborate the interaction ofwrk-1with the
Eph receptor system, we examined other midline axons
in vab-1 null mutants. We find that, first, vab-1 single mu-
tants display the same phenotypic spectrum at the ven-
tral midline as wrk-1 single mutants in that the PVQ
axons as well as the axons of HSN and several com-
mand interneurons are affected, while axon midline
guidance of the AVK interneurons is not affected
(Figure 4C). The same is observed for the vab-2 ephrin
ligand, which affects PVQ, HSN, and command interneu-
rons (Table 1). Second, double mutant analysis indicates
that—in analogy to the case of the PVQ axon mentioned
above—HSN and command interneuron defects are not
enhanced in vab-1; wrk-1 double null mutants and that
AVK also displays no significant midline defects in the
vab-1; wrk-1 double null mutants (Figure 4C). Similarly,
the HSN and command interneurons defects of wrk-1
mutants are not enhanced by the joint removal of the
vab-2 ephrin ligand (Table 1).
We note that the activity of wrk-1 in axon midline pat-
terning requires the kinase activity of vab-1, since a ki-
nase-negative allele [27] also shows midline patterning
defects (PVQ axons crossover defects: 14%; n = 290).
Similar to the role of vab-1 in epidermal patterning [27],
the kinase-negative allele displays weaker defects
than the putative null allele, suggesting that vab-1 has
both kinase-dependent and -independent functions in
axon patterning.
To examine the genetic interaction of wrk-1 and vab-1
in more detail, we investigated the cellular focus of ac-
tion of vab-1 in relation to wrk-1. The expression of
vab-1 does not provide significant insights, because
vab-1 appears to be broadly expressed throughout the
nervous system [27]. To assess the cellular focus of
vab-1 more directly, we used as a model the midline be-
havior of HSN motor axons, which are affected by both
vab-1 and wrk-1. By expressing a vab-1 cDNA under
the control of the HSN-expressed promoter tph-1, we
observed rescue of the mutant phenotype; in contrast,
expression of vab-1 in the eMNs does not rescue the
HSN axon defects (Figure 4D).wrk-1 and vab-1 therefore
act in the same pathway, yet in opposing and presum-
ably directly interacting neurons.WRK-1 Physically Interacts with the EphR Receptor
VAB-1 and Its Ligand VAB-2
To examine whether the genetic interaction of vab-1 and
wrk-1 is indicative of a physical interaction between the
two proteins, we coexpressed tagged C. elegans pro-
teins in heterologous African green monkey COS-7 cells
and assessed the ability of proteins to be coprecipitated
from cellular lysates. As a positive control, we first reca-
pitulated the previously reported [29] interaction of VAB-
1 with its canonical ephrin ligand VAB-2 (Figure 5A). Co-
expression and ensuing immunoprecipitation shows
that in analogy to the VAB-1/VAB-2 interaction, WRK-1
is found in a complex with VAB-1 (Figure 5A). This inter-
action is specific since other Ig domain proteins (EGL-15
and ZIG-4) do not form a complex with VAB-1 (Fig-
ure 5A). Vice versa, WRK-1 is also not capable of forming
a complex with other Ig-containing proteins that we
tested (Figure 5A). We note that this tissue-culture ap-
proach does not allow us to distinguish between the
two possibilities of WRK-1 interacting with VAB-1 in
either a cis- or trans-configuration. However, the cell-
type-specific rescue experiments we have described
above strongly suggest that in an in vivo context, the
proteins interact in trans, that is, on opposing cell sur-
faces (VAB-1 in HSN and WRK-1 in eMNs).
Since the expression pattern and phenotypic analysis
of the VAB-1 ligand VAB-2 indicate that VAB-2 may, like
WRK-1, act in eMNs to repel VAB-1-expressing growth
cones, we tested whether WRK-1 may also physically
interact with VAB-2. Coexpression in COS-7 cells and
subsequent coimmunoprecipitation demonstrate that
both proteins can indeed form a complex (Figure 5B).
To ask whether WRK-1 may compete with VAB-2 for
binding to VAB-1, we cotransfected all three proteins
and found that the presence of WRK-1 does not interfere
with VAB-2 binding to VAB-1 (Figure 5B). We caution,
however, that these overexpression studies are not
strictly quantitative and therefore may not be reflective
of the true in vivo situation in which the relative amounts
of each protein may have an impact on which protein in-
teracts with another. We can nevertheless conclude that
WRK-1 has the capacity to bind VAB-2 and VAB-1.
Discussion
The Cellular Composition of Midline Structures
We have provided here four lines of evidence for a spe-
cialized function of eMNs as neuron-type-specific mid-
line choice points in C. elegans. (1) We have extended
previous observations by Durbin [11] and shown that
the architectural organization of these neurons makes
them prime candidates to be involved in midline pattern-
ing. (2) We have identified an IgSF member, WRK-1, that
is expressed in these types of motoneurons, and we
have shown that a loss of this IgSF protein causes neu-
ron-type-specific midline crossover defects. (3) We have
shown that resupplying this IgSF member specifically in
these neurons restores correct midline patterning.
(4) We have confirmed cell type specificity by showing
that ectopic expression of this protein in another cell
type that would have been a candidate for providing
midline function, hypodermal cells, not only fails to re-
store the mutant phenotype of wrk-1 null mutant ani-
mals, but, to the contrary, strongly disrupts midline
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cally Interact
Western blots of lysates or protein-A-aga-
rose precipitates from transfected COS-7
cells are shown.
(A) Transfected V5-tagged VAB-1 forms
a complex with Fc-tagged WRK-1 and Fc-
tagged VAB-2 (positive control) but not with
the Fc-tagged IgSF proteins ZIG-4 or EGL-
15 (negative controls). Moreover, neither
ZIG-4-V5 nor EGL-15-V5 forms a complex
with cotransfected WRK-1-Fc.
(B) Transfected V5-tagged WRK-1 forms
a complex with Fc-tagged VAB-2. In addition,
WRK-1-V5, transfected in two different
amounts (0.5–1.0 mg), does not interfere with
VAB-1-V5/VAB-2-Fc binding when all three
proteins are cotransfected.patterning. Our findings demonstrate that eMNs have
dual roles. In larvae and adults, they serve as conven-
tional body-wall muscle-innervating neurons required
for appropriate locomotion, while in embryos, they act
as intermediate target cells for follower axons. Our mo-
lecular analysis further supports the notion of indepen-
dent functions of the eMNs. The wrk-1 gene is required
for their function as intermediate targets, but it is not re-
quired for the larval or adult function of these neurons
since wrk-1 mutants display no locomotory defects, as
determined by a variety of assays capable of revealing
subtle defects of motoneuron function [17]. Multiple,
distinct roles for neurons at different stages of develop-
ment have rarely been described, but are not without
precedent. For example, the PVT neuron, one of the pi-
oneer neurons of the VNC, is a source of Netrin, required
for embryonic development of follower axons [32], and
has an additional, postembryonic role in ensuring the
correct maintenance of axon position in the VNC [14].
It will be interesting to see whether motoneurons resi-
dent in the nerve cords of other systems also provide
guidepost functions.
The simple organization of a single row of midline cells
that separate the left and right fascicle, which looks su-
perficially very similar to the single cell midline of zebra-
fish [33], is, however, deceiving because a variety of dis-
tinct cell types appear to provide midline guidance
information. Laser ablation studies revealed that the
AVG interneuron, a pioneer neuron of the VNC (Figure 1),
is required to ensure that follower axons appropriately
respect the midline [11, 19]. However, no molecular
cue required for AVG to fulfill its function in separating
axon fascicles has been identified so far, although
unc-6/Netrin is a candidate [34]. Besides the AVGneuron, the PVQ and PVP pioneer axons (Figure 1) also
provide intermediate choice points for later follower
axons [35]. Lastly, FGF receptor signaling within the hy-
podermis, the cell type that underlies the VNC (Figure 1),
is also required for proper axon patterning along the
midline [7]. Taken together, all neurons (AVG, PVQ,
PVP, and eMNs) and the underlying hypodermis in the
developing VNC shown in Figure 1A jointly provide mid-
line guidance information for follower axons (summa-
rized in Figure 6A).
Ephrin Signaling at the C. elegans Midline
Mutant analysis, expression pattern analysis, and cell-
specific rescue experiments indicate that axons are
guided along the ventral midline through expression of
VAB-1, which responds to repulsive cues including sev-
eral ephrin ligands and WRK-1, which are expressed by
the eMNs (Figure 6B). These molecules ensure that
axons do not cross over the dorsal side of the eMN
cell bodies and thereby permit the longitudinal exten-
sion of axons along the lateral side of the eMN cell bod-
ies. The most parsimonious explanation of the pheno-
types of Eph receptor and ephrin mutants is that the
dorsal side of the eMNs is a repulsive territory for VAB-
1-expressing axons and that ephrins localize to the dor-
sal side of eMNs to provide this repulsive activity. Ephrin
localization to specialized membrane compartments
has been demonstrated in vertebrates [36], and we
note that the dorsal side of the eMNs has the potential
to indeed represent a specialized membrane compart-
ment. Unlike the lateral or ventral side of the eMN cell
bodies, the dorsal side is in direct contact with an over-
lying, electron-dense basement membrane and special-
ized components thereof [37] (Figure 6A).
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(A) Schematic transverse section of the VNC of C. elegans. eMN cell bodies are shown in purple; smaller discs represent axons. Note that the left
and right fascicles of the VNC harbor different numbers of axons [12]. All cells that provide axon guidance information are denoted. The hypo-
dermis possibly secretes UNC-6/Netrin to repel motor axons from the midline and to attract a variety of other axons toward the midline [34].
eMNs, AVG, and PVQ/PVP provide axon guidance information for follower axons (this paper) [19, 35]. The molecular identity of cues provided
by AVG and PVP/Q are not known. The extracellular matrix (ECM) provides additional guidance information [7, 8, 41].
(B) Contra- and ipsilaterally projecting axons respond to midline/eMN provided cues, including WRK-1 (blue) and Ephrins (green; for simplicity we
show only one Ephrin). We have shown that VAB-1 (red) is required on the axons that encounter the midline. The schematic model shown here
illustrates two possibilities. In one (on left side of eMN cell bodies), WRK-1 and Ephrins together activate VAB-1, either by forming a heteromeric
complex and/or by directing Ephrins to the relevant site of action on the cell surface; in another model (on right side of the eMN cell bodies), WRK-1
segregates away unproductive, eMN-expressed VAB-1/Ephrinciscomplexes, thereby allowing free Ephrins to interact with axonal VAB-1 in trans.In animals that lack one or two ephrin genes, axon
midline crossover defects are more modest than in eph-
rin triple mutants (vab-2, efn-2, and efn-3). This result is
strikingly similar to the need to knock out three mouse A-
type ephrins to see a profound disruption of axonal tar-
geting in the retinal system [38]. Since ephrins and Eph
receptors form higher order oligomers [39], it is conceiv-
able that VAB-2, EFN-2, and EFN-3 jointly provide ligand
activity for the single C. elegans Eph receptor VAB-1.
Possible Functions of wrk-1
How does wrk-1 fit into ephrin signaling at the midline?
The matching phenotypic spectrum of axon guidance
defects in wrk-1, ephrin, and Eph receptor mutants as
well as their genetic and physical interactions suggest
that wrk-1 is an important component of Eph receptor
signaling in the context of axon guidance at the ventral
midline. One can envision several scenarios for how
this works. It is conceivable that WRK-1 and the eMN-
expressed ephrins jointly provide a ligand activity for
VAB-1 in trans (Figure 6B). Our in vitro interaction assays
are consistent with such a possibility since we find that
WRK-1 can interact with both VAB-2 and VAB-1. Since
WRK-1 has multiple protein interaction domains (three
Ig domains and one FnIII domain), it is conceivable
that WRK-1, VAB-1, and VAB-2 constitute a heteromeric
complex in which WRK-1 bridges and ‘‘connects’’ the
VAB-2/VAB-1 ligand/receptor complex.
In another scenario, WRK-1 may direct ephrins to the
purported dorsal side of eMNs in order to prevent axons
from crossing through this territory. In the absence ofWRK-1, the ephrins may fail to localize and/or to cluster
appropriately, thereby leading to a lack of a repulsive
signal for VAB-1. Ectopic misexpression of WRK-1 on
the surface of the hypodermis, which underlies the
eMNs, may interfere with the correct presentation of
ephrins on the neighboring eMN cell surfaces, thereby
again creating a situation in which a VAB-1-expressing
axon is free to wander over the lateral and dorsal sur-
faces of the eMNs. Alternatively, hypodermal mis/over-
expression of WRK-1 may push away VAB-1-expressing
axons into normally forbidden territory (i.e., the dorsal
side of the eMNs). Our observation that genetic removal
of wrk-1 from eMNs further exacerbates the effects of
hypodermal wrk-1 expression is consistent with either
of these models.
Lastly, in analogy to what has recently been reported
in chick motoneuron growth cones [36], a scenario can
be envisioned in which WRK-1 is involved in sorting
eMN-expressed Ephrins and the broadly expressed
Eph receptor into distinct membrane domains to pre-
vent a cis-interaction of Ephrins and VAB-1 in eMNs
and thereby allowing a trans-interaction of eMN-ex-
pressed ephrins and axonal VAB-1. This model is, how-
ever, more difficult to reconcile with the midline defects
induced by ectopic wrk-1 expression in the hypodermis.
It is intriguing to note that wrk-1 null mutants mirror
vab-1 defects only in a very specific developmental con-
text, namely axon pathfinding in the maturing nervous
system. wrk-1 does not show other phenotypes associ-
ated with loss of function of several ephrins or the EphR
[29, 30], such as epidermal morphogenesis defects or
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analysis of wrk-1 therefore suggests that EphR function
in axon patterning is mechanistically distinct from its
function in morphogenesis. In nonaxonal contexts, as
yet unknown cofactors may providewrk-1-like functions
to the EphR system.
The conservation of previously known Eph receptor
signaling components suggests that other GPI-an-
chored IgSF family members may fulfill roles in verte-
brates that are similar to WRK-1 function in C. elegans.
The large number of IgSF members in vertebrate ge-
nomes provides many candidates for proteins that
may functionally interact with Eph receptors at the mid-
line or in one of the many other cellular contexts in which
Eph receptors are known to function [40].
Experimental Procedures
Strains and Transgenes
Mutant strains and transgenes used for neuroanatomical scoring are
listed in the Supplemental Data.
DNA Constructs
Information on DNA constructs and transgenic lines can be found in
the Supplemental Data. Rescue constructs were injected at 5 ng/ml
with ceh-22prom::gfp (50 ng/ml) as injection marker. dpy-7prom::wrk-
1b was injected at 0.5 ng/mL.
Protein Interaction Assays
COS-7 cells were cultured in DMEM with 10% fetal bovine serum.
Cells were transiently transfected with Lipofectamine (Invitrogen),
collected after 36 hr, and lysed in ice-cold IP buffer (5 mM Tris HCl
[pH 8], 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 1% Triton
X-100, and protease inhibitor cocktail [Sigma]). Lysates were incu-
bated with protein A-agarose (Roche) in IP buffer overnight at 4C.
After three washes in ice-cold IP buffer, the samples were boiled
in SDS-PAGE sample buffer for 2 min. Precipitated proteins were re-
solved on a 7.5% SDS-PAGE gel, blotted and probed with peroxi-
dase-conjugated antibodies (Jackson Immunoresearch and Invitro-
gen), and analyzed with the ECL plus Western Blotting Detection
System (Amersham Biosciences).
Supplemental Data
Supplemental Data include two figures, three tables, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.current-biology.com/cgi/content/full/16/19/
1871/DC1/.
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